Insects live in complex environments that contain diverse pathogenic organisms, which can reach and infect epithelial surfaces. The most vulnerable surface of an insect is the epithelial surface of the digestive tract, which is in constant contact with an enormous variety of bacteria, fungi and parasites. More than 100 years ago, Metchnikoff (1908) suggested that microflora have beneficial roles in the physiology of gut epithelia and in host fitness. Microorganisms in the gut can establish different interactions with the insects, such as mutual, commensal or pathogenic relationships. An important function of commensal bacteria in the insect gut is to supply essential nutrients to the insect, facilitate digestion and defend the gut surface against opportunistic pathogens, such as parasites and other microorganisms (Dillon & Dillon 2004 , Schaub 2009 ). In vertebrates and insects, many studies have demonstrated that commensal microbes modulate the expression of several host genes that actively influence the host gut physiology (Koropatnick et al. 2004 , Dale & Moran 2006 , Feldhaar & Gross 2008 , Lee 2008 , Xi et al. 2008 ).
State of the art in Drosophila and vector mosquitoes
-Drosophila melanogaster is an excellent model for investigating the complex interactions that occur between microorganisms and the gut interface because the gut epithelium rapidly develops efficient innate immune reactions (Nehme et al. 2007 , Ryu et al. 2008 , Ha et al. 2009a . A signaling network composed of complex positive and negative regulators was described in Drosophila (Leulier & Royet 2009 ). These regulators control the expression and activation of certain immune reactions that are involved in the production of antimicrobial peptides (AMP), reactive oxygen species (ROS) and reactive nitrogen species (RNS) or intermediates. The activation of certain immune reactions depends on whether the gut has infectious or commensal microorganisms (Hao et al. 2003 , Lee 2008 , Leulier & Royet 2009 (Fig. 1) .
AMP production is related to two main distinct pathways: the Toll and immune deficiency (IMD) pathways (Marmaras & Lampropoulou 2009) (Fig. 2) . These pathways are activated by the recognition of pathogenassociated molecular patterns and microbial cell components, which include lipopolysaccharides (LPS) of Gram -bacteria, lipoteichoic acid and peptidoglycans (PGN) of Gram + bacteria, β-1,3-glucans from fungi and glycosylphosphatidylinositol from protozoan parasites (Ashida 1990 , Teixeira et al. 2002 (Fig. 3) . In D. melanogaster, some studies reported that highly purified LPS did not activate the Toll and IMD pathways (Leulier et al. 2003 , Kaneko et al. 2004 ). The immune activation that occurred in the presence of commercial LPS was attributed to PGN contaminants. Recently, highly purified LPS elicited the expression of immune-related genes in the fat body of Bombyx mori. However, the level of immune activation that was induced by highly purified LPS in B. mori was lower than the activation that was caused by crude LPS and PGN (Tanaka et al. 2009 ).
Toll activation leads to the degradation of the Cactus and Caudal nuclear factor inhibitor kappaBs, which results in the nuclear translocations of dorsal-related immunity factor and Dorsal nuclear transcription factor kappaB (NFκB). Activation of the IMD pathway culminates in the translocation of Relish to the nucleus (Feldhaar & Gross 2008 , Pal & Wu 2009 , Welchman et al. 2009 (Fig. 2) . The IMD pathway is conserved in insects and is present in almost all epithelial cells, where it is the only signaling cascade responsible for the production of AMPs (Leulier & Royet 2009 ). Aggarwal & Silverman (2008) normal conditions, which allows a basal bacterial population to be present. However, under conditions where the Drosophila caudal protein is knocked down, the production of AMPs changes the bacterial populations and causes insect death. In accordance with the observations of Aggarwal and Silverman (2008) , Ryu et al. (2008) also observed no differences in the expression of AMPs in the gut, which is mediated by the Caudal homeobox transcription factor, between germ-free animals and animals with gut microflora. This observation indicates that a delicate balance between the effects of the positive and negative NFκBs may be required for the establishment and survival of commensal microorganisms in the gut of Drosophila (Ryu et al. 2008) (Fig. 1) .
In the gut of some mosquito vectors, the number of parasites that are ingested with the blood meal decreases before the parasites come into contact with host tissues. The interactions that occur between Anopheles gambiae mosquitoes, Plasmodium parasites and bacterial gut infections are considered elegant models for further investigations (Michel & Kafatos 2005 , Baton et al. 2009 , Meister et al. 2009 . Several studies demonstrated that the recognition of PGN, a cell wall component of Gram + and Gram -bacteria and bacilli, by the transmembrane PGN recognition protein LC receptor (PGRP-LC) triggers insect immune responses in An. gambiae and D. melanogaster by the IMD pathway. Interestingly, when an An. gambiae blood meal is infected with Plasmodium falciparum, the mosquito defence responses that are typically generated against bacterial infections are also used to destroy the invading parasites (Hao et al. 2001 , Baton et al. 2009 , Meister et al. 2009 ). By performing gene expression analyses, Garver et al. (2009) described genes that were regulated in anopheline species by the activation of Rel2 factors and suggested that the Toll pathway played a more diverse role in mosquito biology than the IMD pathway, which was more specific to immunity. These authors revealed that key mosquito anti-plasmodium factors may be responsible for the IMD-mediated parasite resistance phenotype. Thus, these papers described the regulation of signaling pathways that are activated in response to bacterial and malarial parasite infections and suggested complex interactions exist between parasites, bacteria and the immune systems of insects (Figs 1, 2).
Other factors that are involved in insect gut homeostasis are the antimicrobial ROS and RNS, which produce free radicals that include superoxide (O 2 -) and nitric oxide (NO). Nicotinamide adenine dinucleotide phosphate (NAPDH) oxidase and dual oxidase (DUOX) are important for O 2 -synthesis (Lambeth 2004) . NO is released by inducible isoforms of NO synthase (NOS) and reacts readily with other free radicals, such as O 2 -, to produce peroxynitrite and other RNS (Fig. 3) . Nappi & Vass (1998) revealed that NO and RNS that are associated with ROS are components of an immune response in insects. Some ROS and RNS have strong antibacterial and antiparasitic properties (Zhu et al. 1992) (Fig. 3) . Genetic analyses in Drosophila showed a negative and positive regulation of DUOX-dependent ROS in response to colorizations with commensal and pathogenic microbes. The negative and positive regulations coordinate homeostasis between the insect gut and microbes by efficiently destroying infectious microorganisms while tolerating commensal bacteria (Ha et al. 2009a, b) (Fig. 1) . Ha et al. (2009b) showed that fine regulations of the ROS signaling pathway allow resident bacteria to persist in the gut and prevent the establishment of infectious pathogens. ROS that are derived from O 2 -play an essential role in antimicrobial activities and are regulated differently from AMPs in the insect gut. In Drosophila, ROS are constitutively produced in low quantities by the membrane-associated DUOX (Ha et al. 2005) (Fig. 3) . Interactions that occur amongst microbiota within the epithelial cells enhance the enzymatic activity of DUOX in the gut (Ha et al. 2009a) . These reactions ensure a minimal production of ROS to achieve homeostasis between the gut and microorganisms by efficiently controlling infectious organisms and the proliferation of the microbiota (Fig.  1) . DUOX activation is not dependent on PGN (Ha et al. 2009a ). However, DUOX transcription is controlled by PGN-dependent and independent pathways. Another important free radical is NO, which is a crucial effector molecule in vertebrate immunology (Fang 1997) . The NOS in the gut of Anopheles stephensi is induced by Plasmodium infections and limits the infections (Luckhart & Rosenberg 1999) . Dimopoulos et al. (1998) identified a NOS gene in An. gambiae, which is transcriptionally activated by bacteria and Plasmodium parasites. Foley and O'Farrell (2003) proposed another role for RNS. These authors suggested that gut bacteria activate NOS, which releases NO into the haemocoel. NO then acts as a signaling molecule to activate immune responses in the haemocytes, which eventually culminates in the production of AMPs by the fat body. Hao et al. (2003) also proposed that reactive intermediates, such as NO and hydrogen peroxide (H 2 O 2 ), which are synthesized in the proventriculus of the tsetse fly, can easily diffuse into the haemolymph and act as immunological signals that mediate molecular communications between different insect compartments. Brown et al. (2003) suggested that a messenger system existed between the gut and the haemolymph because the non-invasive gut trypanosome, Crithidia bombi, activated genes that were related to the prophenoloxidase (PPO) system in the haemolymph of the bumble bee.
The PPO cascade, which leads to melanisation, produces highly reactive and toxic compounds (e.g. quinones) and causes the encapsulation of pathogens, which allows insects to clear infections ). When phenoloxidase (PO) was first described in a midgut homogenate of An. stephensi, the authors observed that the enzyme had characteristics that were different from the PO that was found in the haemolymph (Sidjanski et al. 1997) . Recently, POs were shown to be involved in the encapsulation of Plasmodium yoelii in the midgut of Anopheles dirus (Wang et al. 2009 ). This result confirms that the PO cascade is a humoral immune response that can participate in gut homeostasis.
Models of triatomine immune gut homeostasis -
Gut homeostasis is important in triatomines because many bacteria, fungi and parasites, such as Trypanosoma cruzi, develop and survive in the digestive tract environment of the triatomine (Garcia et al. 2007 , Schaub 2009 ). The determinations of how the gut tolerates resident microbes and the mechanisms that exist between gut microorganism communities, the gut epithelium, antibacterial defense mechanisms and infections with T. cruzi and Trypanosoma rangeli remain primarily unknown in triatomine vectors.
The majority of triatomine gut bacteria are considered to be commensals (Schaub 2009 ). However, a large number of bacteria that are present in the gut of the vector after a blood meal have trypanolytic and hemolytic activities (Azambuja et al. 2004 ). Azambuja et al. (2004) demonstrated that some commensal bacteria are responsible for the establishment of trypanosomes in the digestive tract and for the release of haemoglobin, which is proteolytically digested in Rhodnius prolixus (Fig. 4) . Apparently, some bacteria that are present in the gut lumen may attach directly to T. cruzi and T. rangeli surfaces and kill the parasites (Azambuja et al. 2004 , Castro et al. 2007a . Beard et al. (2002) demonstrated that R. prolixus that contained transformed symbionts expressed lepidopteron cecropin, which destroys T. cruzi in the gut. Thus, the close association of microorganisms with the gut epithelium suggests that some of the triatomine immune factors that are usually induced by bacterial and/or parasite challenges may be involved in killing bacteria and trypanosomes in the gut and/or the haemolymph.
Lysozymes hydrolyse the 1,4-β-linkage between Nacetylmuramic acid and N-acetylglucosamine of bacterial cell wall PGN. Therefore, lysozymes may serve digestive roles, or they may function as immune-related molecules in insects that ingest large numbers of bacteria to prevent the colonisation of the haemocoel by pathogens. In some insects, different isoforms of lysozymes may serve both functions (Ursic-Bedoya & Lowenberger 2007) . Lysozymes are expressed in haemocytes, the fat body and various regions of the digestive tract. Kollien et al. (2003) demonstrated that lysozyme genes are up-regulated in the gut upon Triatoma infestans molting and feeding and are correlated with an increase in the antibacterial activity in these regions. Araújo et al. (2006) also demonstrated that lysozyme was expressed in the digestive tract of Triatoma brasiliensis, but the expression was higher in the stomach than in the intestine. In R. prolixus stomachs, lysozyme-A genes were predominantly expressed in response to ingestions or haemocelic injections of T. cruzi (Ursic-Bedoya & Lowenberger 2007). Thus, a direct effect of lysozyme in the establishment of trypanosomal and bacterial infections in the gut may occur (Fig. 4) . The presence of some bacteria, which can be controlled by the expression levels of lysozyme, may be deleterious for trypanosomatids (UrsicBedoya et al. 2009 ).
NOS
Other factors that affect trypanosome development are the AMPs of the insect vector and only defensins have been found in triatomines, such as R. prolixus and T. brasiliensis (Lopez et al. 2003 , Araújo et al. 2006 , Waniek et al. 2009 ). Defensins mainly lyse Gram + bacteria, but they can also kill Gram -bacteria, fungi and parasites (Boulanger et al. 2006) . In triatomines, different isoforms of defensins have been observed (Lopez et al. 2003 , Araújo et al. 2006 , Waniek et al. 2009 ). In R. prolixus, defensin genes are expressed after bacterial inoculations and the activation of immune responses increases the gene transcription in the fat body and the gut (Lopez et al. 2003) . The defensin 1 and defensin 4 genes are expressed at high levels in the stomach and very low levels in the intestine, which is similar to the expression of the lysozyme genes (Araújo et al. 2006) . Coincidently, the highest bacterial populations are found in the stomach. In contrast to the expression patterns of defensin 1 and defensin 4, the defensin 2 and defensin 3 genes are preferentially expressed in the intestine. Thus, the induction of lysozymes and defensins in the gut suggests that the gut epithelium is a crucial first barrier that helps regulate invading microorganisms (Fig. 4) . Kollien & Schaub (1998) demonstrated that a higher population density of T. cruzi occurs in the rectum in comparison to the intestine, where proteolysis is restricted and for which the triatomines use cathepsins as digestive proteinases. Experiments using pepstatin, a cathepsin B inhibitor, indicated a small role for proteolytic enzymes in T. cruzi infections (Garcia & Gilliam 1980) . The intestinal cathepsin B mRNA levels did not differ between insects that were infected with T. cruzi and uninfected controls (Ursic-Bedoya & Lowenberger 2007) . However, the activity of cathepsin D was stronger a few days after the ingestion of a blood meal in insects that were infected with T. cruzi when compared to uninfected insects (Borges et al. 2006) . Thus, the role of proteolytic enzymes in T. cruzi infections of triatomine guts requires more detailed investigations (Fig. 4) .
PO is a component of the insect immune system that is not present in the intestinal lumen but is present in the cells of the intestinal wall and in haemocytes (summarized by Ratcliffe & Whitten 2004 , Muller et al. 2008 ). Recent data demonstrate that proPO activity is detected in the lumen and the stomach epithelial cells of R. prolixus (FA Genta, unpublished observations). However, the role of the proPO cascade in gut homeostasis and in the induction of digestive tract humoral immune reactions to parasites and bacteria in triatomines needs to be further investigated (Fig. 4) . Whitten et al. (2007) hypothesized that the expression of NOS genes and the production of NO may be modulated by microorganism infections in different tissues of R. prolixus. The most important production of RNS by R. proxilus in responses to LPS inoculations occurred in the fat body and haemocytes, whereas intestinal and rectal tissues were the most responsive to T. cruzi and T. rangeli. However, different responses were elicited by these parasites depending on the infection period. During early stage infections, when both species of the trypanosomatids are differentiating epimastigotes that are confined to the stomach, T. cruzi upregulated the expression of the NOS gene in the stomach and haemocytes, whereas T. rangeli down-regulated NOS gene expression in these tissues. The induction of extremely high NOS gene expression occurred in the rectum during the late stage of T. rangeli infections. High, sustained concentrations of nitrites/nitrates in the gut wall may have impeded the penetration of T. cruzi into the epithelium. In contrast, T. rangeli colonized the haemocoel when the midgut nitrite levels decreased (Fig.  4) . In the intestine of R. prolixus, T. rangeli and T. cruzi stimulated large increases in the nitrite levels during the early stages of heavy infections. The nitrite levels in the rectum were significantly high at all stages of the infections with both trypanosome species even before the parasites had colonized this tissue . The data suggest the NO-mediated immune responses in R. prolixus are pathogen-specific and are independently modified by the transcriptional and enzyme levels ). We hypothesize that NO in triatomines might be a signaling molecule that is activated by gut microorganisms and induces humoral immune responses, such as the production of AMPs, ROS, RNS and cellular immune reactions, such as phagocytosis and haemocyte microaggregation, in the fat body and haemocytes (Fig. 4) .
Prostaglandins and leukotrienes, which are formed by the eicosanoid pathway and platelet activation factor (PAF), which is produced by the PAF pathway, are important signaling molecules for cellular immune responses in the haemolymph and the fat body of R. prolixus (Figueiredo et al. 2008 ). Whether these pathways occur in the R. prolixus digestive tract and affect immune homeostasis in the gut is currently under investigation.
Over the past 30 years, R. prolixus has been used as a model in our laboratory for investigating several aspects of the interactions that occur between trypanosomes and insect vectors (Garcia et al. 2007 ). Like other invertebrate organisms, triatomines contain bacteria and possibly parasites in the gut and develop complex mechanisms to survive with the microorganisms. For the development of parasite control, we can add the importance of resident bacteria with trypanolytic activities to these complex mechanisms. Compounds from bacteria and parasites can induce immune reactions in the insect gut that can have an auxiliary, stock, reserve or backup response that regulates the establishment and the development of the resident bacteria and parasites. The primary immune responses that are induced include lysozymes, AMPs (defensins), proteolytic enzymes (cathepsin D), proPO, ROS and RNS (Fig. 4) . The production of these factors might contribute to the balance of microbiota and parasite growth regulation in the guts of triatomines, which ultimately results in the control of pathogenic organisms and leads to resident bacteria and parasites that are tolerant in the epithelia. In these cases, some bacteria escape the immune responses and persist in the gut and the parasites can complete their life cycle in the invertebrate host. Future advances in the genomics and functional genomics of R. prolixus will lead to fast developments in this field.
